Abstract carry out the study. Therefore, an advanced nano-level In this study, the nano-scale interfacial details of ultrasonic analysis tool becomes a key to ascertain interfacial copper ball bonding to an aluminum metallization in the as-metallurgical characteristic of as-bonded Cu-Al bonds. The bonded states were investigated using high resolution importance of interfacial analysis at the atomic level is scanning/transmission electron microscopy with energy necessary in order to obtain the direct evidence of a dispersive spectroscopy. Our results showed that ultrasonic fundamental mechanism of copper thermosonic bonding.
Introduction 2. Experimental Procedures
Thermosonic copper wire-ball bonding is an absorbing Bonding process interconnection technology that serves viable and cost saving
In the experiment, a 50.4 ptm copper wire (99.99°O purity) alternative to thermosonic gold wire-ball bonding [1] . Its was bonded onto a 3 ptm thick Al metallization pad on a excellent mechanical and electrical characteristics make silicon chip using an ASM Eagle 60 ball/wedge automatic copper ball bonding attractive for high-speed, high-power bonder with an ultrasonic frequency of 138 kHz. devices and fine-pitch applications. There have been many An electronic flame-off (EFO) process was applied to studies on the effects of bonding process parameters on produce a spherical ball as the first step of the bonding process bondability, which was also evaluated through shear/pull tests, circle. The initial copper ball was achieved with a current of [2] [3] [4] and Cu-Al interfacial evolution via thermal 150 mA and a gap voltage 5500 V with a discharge time of 1.3 cycling/aging [5] [6] [7] . Also, several models were established to ms. In order to prevent the copper ball from oxidation in the explain the bonding mechanism, including fretting [8] and EFO process, a protective shielding gas of mixture -95%N2 + micro-slip model [9] . Fretting mechanism was proposed by 5%H2 -was supplied and maintained at a flow rate of 0.8 Hulst [8] who illustrated that interfacial sliding between wire L/min. The copper ball was then bonded to an aluminum and pad cleaning and heating surface was the key for bonding. metallization using a combination of heat, transverse Micro-slip model [9] predicted slip only existed at the ultrasonic vibration, and a normal force. The detailed bonding periphery of the contacting interface, while two metals stick in parameters for the copper ball bonds are shown in Table 1 the central regions, thus bonding was preferential at the after the process window was optimized by means of periphery. However, all these models were lack of pull/shear tests and dimension tests. experimental supports as to the fundamental mechanisms. beam, till the height from the top of the thinned ball to Cu-Al After the sample was lifted-out, the grid was moved into interface was below 10 ptm. Two holes were etched by the field of view. The probe was lowered and loaded onto the focused ion beam, while an approximate 2 ptm width foil TEM grid, as seen in Fig. 3 . Then the foil was attached to the remained between them, as shown in Fig. 1 . This foil was the grid using the ion beam Pt CVD. Once the specimen has been rough TEM sample. Compared with traditional preparation attached to the TEM grid, the in-situ W probe was milled free methods, such as ion beam etching and electropolishing, the by focused ion beam. The focus ion beam with lower current FIB microscope has been used as a high-resolution imaging was then used to thin the specimen to electron transparency tool. Its secondary electron images provide enhanced (100 -200 nm) as shown in Fig. 4 . Through all the sample crystallographic contrast similar to the electron channeling preparation process, the site-specific TEM samples were contrast in SEM. Therefore, interesting zones can be located stress-free and contamination-free. and selected accurately, making it especially suitable for the multi-interface observation in high resolution analysis. The insitu FIB lift-out technique was used to obtain these sitespecific TEM specimens. An omniprobe in-situ tungsten (W) lift-out probe was used. The W lift-out probe was attached to the specimen by ion beam assisted Pt chemical vapor deposition (CVD). The TEM specimen was then lifted out from the bulk using the W probe, as shown in Fig. 2 and there is no evident of cracking. The failure in the shear test typically occurs in the mashed copper ball rather than at the interface between the ball and the aluminum metallization pad (see Fig. 6 ); it typically occurs as a neck break in the pull Fig. 7 . Failure position in necks after pull test confirmed good test (see Fig. 7 ), indicating that the copper ball and aluminum bondability (average pull force 41 gf) metallization are successfully bonded together with a high 3.2. Nano-scale interfacial morphology of Cu-Al bonds bonding strength for above optimized process parameters Copper ball was successfully bonded on aluminum shown in table 2.ll metallization with the optimized bonding parameters shown in Table 1 . The typical interfacial morphology by SE SEM was shown in Fig. 8 . The details of the highlighted area A and B in 
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showing the copper ball strongly bonded on the aluminum pad (average shear force 145 gf) Fig. 9 . Details of the highlighted area A in Fig. 8 showing some reactants were formed at some regions -not entire At present, it remains unclear as to how a strong bond can rein-ofteCAlnefa.
be formed within such a short time (e.g. 25 ins), and whether rein-ofteCAlnefa.
melting or sufficiently high temperature may cause IMCs or Fig. 9 shows that some reactants formed at some regions interdiffusion region at the interface leading to a strong of the interface (e.g. area A in Fig. 9 ), although they did not interconnection. In order to ascertain the interfacial exist in some regions (e.g. area B in Fig. 9 ). These reactants The details of region A in Fig 11 were shown in Fig. 12 . It at the interface where no such reactants were formed. It is is clearly shown that several layers were presented between expected that observing the nano features of such interface the copper and aluminum. Layer A and layer B were using HRTEM may provide a insight. amorphous phase and layer 3 was crystalline phase. In order to Fig. 10 illuminates that some micro-cracks were formed at obtain the composition of these layers, STEM-EDX was the edge of the bonding interface. It was interesting that the conducted, and results were presented in Table 2 , which crack was in some extent inside of aluminum and copper, as indicated that layer A was aluminum oxide and layer B shown in area A and B in Fig 10, respectively. This suggested consists of aluminum-rich amorphous structure. The that metallurgical bonding also exists at the edge of the amorphous aluminum oxide layer (approximately 10-15 nm) interface, and crack was formed after the Cu-Al metallurgical could be the initial layer on the surface of the aluminum. joining due to the long-drawn ultrasonic vibration. Fig. 10 . Details of the highlighted area B in Fig. 8 showing Fig. 12 . Details of the highlighted region A in Fig. 11 micro-crack present at the edge, which was in some extent showing multi-layers at the Cu-Al interface inside of aluminum and copper Fig. 11 is a bright field (BF) diffraction contrast TEM Table 2 EDS results of spots 1-7 in Fig. 12 micrograph of the interface region of a bond between a copper OK4.8 Fig. 12 . The diffraction patten and lattice orientation of region A and region B were reconstructed from HR TEM image using FFT, as shown on the top right corner and top left corner, respectively, in Fig. 13 Table 2 . The copper oxide was thought to be the initial layer formed during copper ball formation when Fig. 11 . BF TEM micrograph presenting the morphology of copper was melted -by electronic sparking. This copper oxide the interface region of a Cu-Al bond. The Al has a white grew preferentially along the [0 0 1] and was approximate 3 contrast, due to it's relatively low mass-thickness compared to nm in thickness. It was surprising that the amorphous Strong Cu-Al bond was made through thermosonic bonding process which was implemented within 25 ms with The details of another feature at the interface in region B the application of ultrasonic vibration for each bond. HRSEM of Fig. 11 , was analyzed by HRTEM, the results are shown in provided overview of interfacial morphology of as-bonded Fig. 14. The thick amorphous aluminum oxide layer did not Cu-Al bonds. Further study by HRTEM elaborated the nanoexist; in such a case, one approximate 20 rn crystalline layer, features of Cu-Al interface. Two typical locations were found labeled as A, was found between the copper and aluminum, at the interface, as shown in Fig. 12 and Fig. 14 
